Polarization consistent basis sets, optimized for density functional calculations, are proposed for the elements Si-Cl. Their performance for atomization energies, equilibrium geometries, harmonic vibrational frequencies, and associated infrared intensities is compared with other commonly used basis sets. Atomization energies can be predicted to within 0.01 kJ/mol per atom of the basis set limit by extrapolation of the pc-2, -3, and -4 results. Equilibrium bond distances and harmonic vibrational frequencies can be calculated to within 10 Ϫ5 Å and 0.5 cm Ϫ1 , respectively, of the basis set limit. The pc-n basis sets are shown to give comparable or better accuracy than other alternatives, while containing fewer or equal number of primitive basis functions.
I. INTRODUCTION
The popularity of density functional theory ͑DFT͒ 1 for electronic structure calculations is rooted in the favorable combination of low computational cost and good accuracy of the calculated results. A central component for practical applications in the Kohn-Sham version of DFT is the availability of basis sets for expanding the orbitals. An ideal basis set should achieve high-quality results at a low computationally cost, and provide a systematic way of approaching the basis set limit. Since different theoretical methods have different basis set requirements, it is not possible to develop a single basis set optimal for both DFT and wave-function based correlated calculations. We have recently proposed a procedure for constructing basis sets optimized for DFT applications, denoting these polarization consistent basis sets (pc-n,n ϭ0 -4), where n indicates the level of polarization beyond the isolated atom. 2 Such basis sets should give the best results for a given size, and allow an explicit separation of the errors inherent in the exchange-correlation functional and those arising from the incomplete basis set. In the present work, we present pc-n basis sets for the second-row elements Si, P, S, and Cl.
II. DEFINING POLARIZATION CONSISTENT BASIS SETS
Based on the observed Hartree-Fock and DFT basis set convergence by using basis sets saturated up to a given angular momentum, 3 we have suggested a procedure for constructing near-optimum basis sets for such calculations. The steps taken in designing polarization-consistent basis sets can be summarized as follows:
͑1͒ Optimize the exponents for a series of basis functions ranging from a minimum basis set up to one capable of achieving nano-Hartree accuracy for the isolated atoms. For the present elements, this includes only s-and p-functions. This step defines the exponents of the s-and p-functions.
͑2͒ Determine the optimum composition of polarization functions for a series of symmetric homonuclear molecules based on an energetic criterion. A large sp-basis capable of nano-Hartree accuracy is taken from step 1, which ensures that the calculated effects arise from polarization rather than from compensation for an incomplete atomic sp-basis.
͑3͒ Based on the results from step 2, the number of basis functions of each type ͑s-, p-, d-, f-, etc.͒ is selected for each level in the pc-n basis sets. The guiding criterion, which is shared by the correlation consistent basis sets, is that all basis functions that provide similar amounts of energy should be included at the same stage. This defines the composition of each pc-n basis set.
͑4͒ For each pc-n basis defined in step 3, the sp-basis is augmented with one additional diffuse s-and p-function, and the polarization exponents are optimized for a selection of heteronuclear molecules reflecting a variety of bonding and geometries. The augmentation with diffuse functions is a heuristic fix to prevent the polarization functions from attempting to describe deficiencies in the outer part of the spbasis for the smaller pc-n basis sets.
͑5͒ Based on the results from step 4, suitable average values of the polarization exponents are chosen. Care is taken to ensure that the exponents for the same type of function increase with the atomic number, and with angular momentum for the same atomic number. This defines the exponents for the polarization functions.
͑6͒ Contraction coefficients are determined from atomic calculations. The degree of contraction is determined by requiring that, for molecular properties, the contraction error should be smaller than the intrinsic error due to the finite number of primitive functions included, ensuring that the basis set composition, rather than the contraction, is the limiting factor for a given pc-n level. This defines the contraction of the pc-n basis sets. ͑7͒ For properties depending on the density far from the nuclei, the pc-n basis sets can be augmented with diffuse functions. The diffuse s-and p-exponents are determined by multiplying the outermost function by a scale factor determined from the two outer functions. The diffuse polarization exponents are generated from the diffuse p-functions. This defines the exponents of the diffuse augmenting functions.
Steps 1, 2, and 4 involve an explicit optimization of the basis set exponents and have been done using a pseudoNewton-Raphson method 3 using analytical gradients of the energy with respect to the basis set exponents, as implemented in the Dalton 4 program for this project. The calculation of exponent gradients is closely related to calculating gradients with respect to nuclear positions, and details can be found elsewhere. 5, 6 As in previous work, have used the BLYP ͑Becke gradient corrected exchange 7 and Lee-YangParr gradient corrected correlation energy͒ 8 exchangecorrelation functional, but other functionals are expected to yield very similar results.
In the previous work on C, N, O, and F, 2 a fully optimized 26s18p atomic basis set was determined in step 1 and used in step 2. For Si, P, S, and Cl, basis sets up to 35s24p could be fully optimized at the Hartree-Fock level, providing energies converged to within a few nano-Hartree of the basis set limit. Attempts at reoptimizing the exponents at the BLYP level for basis sets larger than 24s19p resulted in a variational collapse-that is, neighboring exponents converged toward the same value. Instead, we have relied on a parameterization of the exponents in terms of a Legendre polynomial, as described by Petersson et al. 9 In agreement with this work, we have confirmed that a fourth-order Legendre polynomial provides a very efficient parameterization, with a penalty of typically only one extra function relative to a fully optimized basis set. The atomic basis set for step 2 in the above scheme is thus taken as 35s24p, generated by a fourth-order Legendre polynomial with optimized expansion coefficients.
The analysis of the energetic contributions of polarization function in step 2 was done for the P 2 , S 2 , Cl 2 and P 4 molecules, and the P 2 results in Fig. 1 are representative for all the systems. For the pc-1 and pc-2 levels, the consistent polarization is 1d and 2d1 f , which should be combined with 11s8p and 13s10p atomic basis sets. The pc-3 level includes one g-function, and the fourth d-function is of similar energetic importance. Although the second f-function is less important, we have defined the pc-3 basis set as a 17s13p atomic basis set polarized with 4d2 f 1g. The pc-4 basis set is similarly defined as 21s16p6d3 f 2g1h in composition. In analogy with the previous work, we also define an unpolarized pc-0 basis set with composition 8s6p, 10 although this cannot be expected to give more than qualitative results. The basis set compositions are given in Table I .
The results in Fig. 1 leading to the basis set definitions in Table I are based on an essentially complete sp-basis set and fully optimized polarization exponents. It is clear, however, that the optimum polarization exponents depend on the molecular environment and that suitable average values must be used in practice. An analysis of the optimum pc-1 polarization exponent for the closed shell XL n systems ͑XϭSi, P, S, Cl; LϭCH 3 , NH 2 , OH, F, SiH 3 , PH 2 , SH, Cl; nϭ4, 3, 2, 1͒ for different X-L distances revealed the following characteristics:
͑1͒ The optimum exponent increases roughly by a factor of 0.05 between each element along the series Si, P, S, Cl, largely independent on L and the X-L distance. ͑2͒ For a constant X and L, the optimum exponent decreases with increasing X-L distance, the effect being roughly 0.10 per 0.30 Å, the latter being representative of the difference in equilibrium distance for first-and secondrow L. ͑3͒ For a constant X and X-L distance, the optimum exponent depends only weakly and nonsystematically on the The combination of the last two factors means that the optimum exponents for bonding between two second-row elements are about 0.20 smaller than for bonding between a first-and a second-row atom. It can also be noted that the increase in the optimum polarization exponent with atomic number is approximately half the value for the cc-pVDZ basis set 11 ͑exponents for Si, P, S, Cl are 0.28, 0.37, 0.48, 0.60, respectively͒, as was also found in the previous work for first-row elements. 2 The cc-pVDZ d-exponents are determined by energetic criteria for the atoms, and are very close to those obtained by maximizing the overlap with the valence orbitals.
12 This is not surprising since the higher angular momentum functions describe the valence correlation energy, leading to a strong dependence on the nature of the atom. The polarization functions for the pc-n basis sets, on the other hand, describe the deformation of the atomic electron density and the accumulation of density between bonded atoms. This leads to a dependence on the internuclear distance, and a smaller dependence on the nature of the atom.
For the pc-1 basis set, we have tested the performance of different polarization exponents relative to the basis set limit. Table II shows the mean absolute deviations ͑MAD͒ for atomization energies, equilibrium bond lengths, and vibrational frequencies for the systems in Table III . The molecules have been divided into two groups: those consisting of both first-and second-row elements ͑labeled 1 Row͒, and those composed only of second-row elements ͑labeled 2 Row͒. The data in Table II show a clear trend, with the optimum polarization exponents for bonding between second-row elements about 0.20 smaller than for bonding to first-row elements. It can also be noted that the optimum polarization exponents depend on the property. The difference of about 0.20 between the optimum polarization exponents unfortunately means that it is not possible to select a single set of exponents that gives near-optimum results for all systems. This is primarily a problem for the pc-1 and pc-2 basis sets, the larger pc-3 and pc-4 basis sets have multiple polarization functions and are sufficiently flexible to encompass a variety of bonding.
As the basis set approaches saturation, the total energy depends only weakly on the exact values of the polarization exponents. The optimal values therefore vary significantly with the molecular environment. To determine the exponents for multiple polarization functions ͑e.g., 2d, 4d, 6d), we have analyzed the results from molecular test cases in terms of the ratio between exponents and the center of the exponents relative to the value of a single function of the given type ͑e.g., 1d). This approach gave more consistent results than an analysis in terms of the raw exponents. The exponents of the higher-order polarization function (1 f ,1g,1h) are similarly determined from the 1d values. Based on results from explicit optimization, we have selected a ratio of 1.2 between exponents of functions with angular momentum Lϩ1 and L. This value is in line with ratios derived by requiring that the average nuclear-electron distance, or the distance corresponding to the maximum probability, is the same for functions with different angular momenta. 13 The final set of polarization functions are given in Table IV . Together with the s-and p-exponents determined from the atomic optimization, this defines the pc-n (nϭ0 -4) basis sets for the elements Si, P, S, and Cl. 14 TABLE II. Mean absolute deviations in atomization energies, equilibrium distances, and vibrational frequencies for the pc-1 basis set with different polarization exponents choices. ͓Atomization energies in kJ/mol, distances in Å, vibrational frequencies in cm
Ϫ1
. Mean absolute deviations relative to extrapolated results according to Eq. ͑1͒ for atomization energies, and relative to the uncontracted pc-4 results for equilibrium distances and vibrational frequencies. 1 Row refers to the systems in Table III composed of elements from both first and second  row in the periodic table, The pc-n basis sets provide a systematic hierarchy for approaching the basis set limit. For systems composed of first-row elements, extrapolation based on the pc-2, -3, and -4 results using Eq. ͑1͒ gives absolute energies converged to within a few micro-Hartree of the Kohn-Sham ͑KS͒ limit
The same level of accuracy is observed for the second-row elements. It is thus possible to use the pc-n basis sets to established the KS-limit with a micro-Hartree accuracy, allowing the basis set error of other basis sets to be quantified. For computational efficiency, it is useful to reduce the number of variational parameters by contracting the s-and pfunctions. Contraction will necessarily compromise the results, with the contraction error increasing with the level of contraction. A general contraction, where all primitive functions are allowed to contribute to each contracted function, is straightforward and can be done using coefficients from atomic calculations. 13 The main advantage of a general contraction is that the same exponents and coefficients can be used to generate several different contracted basis sets, and that the results connect smoothly with the results for the uncontracted basis set. A segmented contraction, where each primitive function only contributes to one contracted function, involves a reoptimization of both exponents and contraction coefficients for each contraction scheme, and it is not always obvious which is the best contraction for a given number of functions. Segmented basis sets, however, tend to be computationally more efficient than generally contracted ones due to a more efficient integral screening in large molecules, and this is amplified by the fact that most electronic structure programs have been designed with segmented basis sets in mind. However, the disjoint nature of the primitive basis functions in a segmented contraction implies that, for a given number of contracted functions, more primitive functions are required than in a general contraction. This function penalty increases with the atomic number. In the present case, we have elected to use a general contraction scheme, as in the previous study. 2 A detailed analysis of the relative merits of segmented and generally contracted basis sets will be reported separately. 15 Table V shows the contraction errors for atomization energies, equilibrium distances, and harmonic vibrational frequencies for the compounds involving only second-row elements in Table III . The maximum contraction is determined by requiring the contraction error to be significantly smaller than the inherent error of the underlying primitive basis set. This condition leads to the pc-0 and pc-1 primitive sets of sand p-functions being contracted to 4s3 p, the pc-2 contracted to 5s4p, the pc-3 contracted to 6s5 p and the pc-4 contracted to 7s6 p. The contracted pc-0 and pc-1 basis sets are thus of double-zeta quality in the valence region, while the pc-2, pc-3, and pc-4 sets are of triple-, quadruple-, and quintuple-zeta quality. It should be noted that the final number of contracted functions is determined from errors relative to the basis set limit, which naturally leads to the pc-1, -2, etc., being of double, triple, etc., quality. The final contracted basis sets have been purified by the method of Davidson, 16 with functions having coefficients less than 10 Ϫ5 being neglected, to provide the smallest number of primitive functions in each contraction without affecting the final accuracy.
For properties depending on the electron density far from the nuclei-for example, electric dipole moments and polarizabilities-the basis set convergence can be significantly improved by adding diffuse functions with small exponents (aug-pc-n). By analogy with previous work, 2 we have assigned diffuse s-and p-exponents ( dif ) from the two outer exponents of the pc-n basis set ( 2 and 1 ) by the formula given in Eq. ͑2͒, with Kϭ0.20:
An exception is the exponent of the diffuse s-function for the pc-0 basis set, since 2 / 1 is very large in this case, due to the exponent gap between the 2s-and 3s-orbitals. For this special case, we have chosen the ratio from the correspond-TABLE IV. Polarization exponents for the pc-n basis sets. Used in connection with the 6-311G(2d f ) basis set for first row elements.
d-exponents f-exponents g-exponents h-exponents
b Used in connection with the 6-311ϩG(3d f ) basis set for first row elements.
ing p-functions. The exponents for the diffuse polarization functions of angular momentum L are given by the formula L ϭ(Lϩ1) Lϭ1 . Table I shows the composition and contraction for a selection of basis sets. The correlation consistent basis sets ͑cc-pVXZ͒ are designed for correlation energies, and are available up to Xϭ6 for many elements. 11 The Pople-type STO-3G 17 and 6-31G(d, p) 18 basis sets are of minimum and double-zeta quality, while the McLean-Chandler ͑MC͒ 19 basis set, often used in connection with the 6-311G(2d f ) basis set 20 for first row elements, is of quadruple-zeta quality in the sp-part. The corresponding basis set augmented with diffuse s-and p-functions and one additional d-function ͓6-311ϩG(3d f )͔ has been used by Perdew, Scuseria, and co-workers for developing and testing new exchangecorrelation potentials. 21 The Dunning-Hay DZP 22 and TZ2P 23 basis sets are also widely used, and the latter has been used by Handy and Tozer for DFT development and testing purposes. 23 The GSAW basis set 24 has been developed specifically for DFT calculations and is of double-zeta quality, but has not been widely adopted. Very recently, Ahlrichs and co-workers have reported segmented quadruplezeta type basis sets 25 ͑QZV͒ to compliment the previous SVP 6 and TZV basis sets 26 of double-and triple-zeta quality, respectively.
III. CALIBRATION
For calibration purposes, we have selected the 76 molecules shown in Table III , primarily from the G3 data set. 27 For each system, we have performed calculations with the basis sets in Table I . The performance is evaluated by MAD and maximum absolute deviation ͑MaxAD͒, based on 28 ionization potentials, 76 atomization energies, 143 equilibrium distances, and 548 harmonic vibrational frequencies and associated infrared intensities. The reference values are taken as the pc-2, -3, -4 extrapolated results ͓Eq. ͑1͔͒ for energetics, the pc-4 results for equilibrium distances and vibrational frequencies, and aug-pc-3 results for intensities. For ionization potentials and atomization energies, the geometries have been taken as the B3LYP/6-31G (d, p) optimized. The open-shell species have been treated within the unrestricted framework. These calculations have been performed with the GAUSSIAN 98 program package 28 with a grid consisting of 99 radial and 590 angular points for calculating the exchange-correlation contribution. 29 The total atomization energy, defined as the energy of the molecular system relative to the isolated atoms, is a demanding test, as the isolated atoms can be described by sand p-functions only, while molecular systems require higher angular momentum functions. Furthermore, since the contraction coefficients of the pc-n basis sets are derived from the atomic systems, they are biased against molecular systems. Only a partial error cancellation can therefore be expected for the atomization energies. Alternatively, the atomization energy can be defined relative to the corresponding diatomic molecules (Si 2 , P 2 , S 2 , etc.͒, allowing some of the errors associated with polarization functions and contraction coefficients to cancel. Indeed, these results are more representative of typical applications comparing molecular stability.
The MAD and MaxAD for ionization potentials ͑IP͒ and atomization energies relative to either atoms ͑AE͒ or diatomic molecules ͑AE2͒ are shown in Table VI . The errors of the pc-n basis sets are reduced by approximately a factor of four between the pc-0, pc-1, and pc-2 basis sets, but by an order of magnitude for the pc-3 and pc-4 results. In agreement with the results in Table V , the contracted pc-n basis sets (pc-nc) give results of slightly lower accuracy, but the degradation is in all cases significantly smaller than the difference between each level in the pc-n basis set sequence.
The performance of other popular basis sets is also shown in Table VI minimal basis, compared with the double-zeta contraction of the pc-0, as indicated by the results in Table V .
The six basis sets of polarized double-zeta quality, ccpVDZ, DZP, GSAW, 6-31G(d, p), SVP, and pc-1, have comparable errors. The segmented 6-31G(d, p) and SVP basis sets perform better for the AE than do the general contracted cc-pVDZ and pc-1 basis sets, since some error cancellation is possible in the former. When the atomization energy is evaluated relative to the X 2 molecules ͑AE2͒, the pc-1 basis set performs better than the cc-pVDZ, DZP and GSAW basis sets, and similarly to the popular 6-31G(d,p) basis set, despite the fact that the latter contains six s-and two p-functions more ͑Table I͒.
Of the five polarized triple-zeta type basis sets, ccpVTZ, TZ2P, MC(2d f ), TZV, and pc-2, the pc-2 basis set in all cases provides significantly better results for a comparable number of basis functions ͑Table VI͒. For the larger basis sets, the pc-3 basis set provides better results than the cc-pV5Z and QZV basis sets, even though it contains fewer functions. Figure 2 shows the MAD for atomization energies relative to diatomic systems ͑AE2͒ as a function of the number of contracted functions for a second row element for the four families of basis set, pc-n (nϭ0,1,2,3,4), Pople style ͓STO-3G,6-31G(d),MC(2d f )͔, Ahlrichs ͑SVP,TZP,QZV͒, and cc-pVXZ ͑XϭD,T,Q,5͒. Table VII contains corresponding results for equilibrium distances, harmonic vibrational frequencies, and associated infrared intensitites within the double-harmonic approximation. The conclusions are very similar to the energetics discussed earlier. At the double-zeta level, there is little difference between the basis sets, while the pc-2 basis set performs better than other triple-zeta basis sets. For basis sets of quadruple and higher quality, the pc-3 and pc-4 basis sets give much better accuracy than other alternatives. The augmentation with diffuse functions significantly improves the basis set convergence for the infrared intensities. Figure 3 shows the MAD for equilibrium bond distances as a function of the number of contracted functions for a second-row element for the four basis set families, again indicating an exponential convergence for the pc-n results. Used in connection with the 6-311ϩG(3d f ) basis set for first row elements.
IV. CONCLUSIONS
The previously proposed methodology for deriving polarization consistent basis sets has been applied to the elements Si, P, S, and Cl. As for the first-row elements, these basis sets provide a well-defined hierarchy for approaching the Kohn-Sham basis set limit for molecular calculations. The accuracy for systems with elements from the second row in the periodic table is very similar to those for first row elements. The pc-n basis sets of double-and triple-zeta quality ͑pc-1 and pc-2͒ provide results of comparable or better accuracy than other alternatives, while containing a smaller or equal number of primitive basis functions. The pc-3 and pc-4 basis sets provide results with a better accuracy than other alternatives, despite containing fewer functions. Finally, the results of the pc-4 basis set combined with extrapolation provide total atomization energies to within 0.01 kJ/ mol per atom of the basis set limit. The pc-4 basis set is also capable of providing equilibrium bond distances and harmonic vibrational frequencies within 10 Ϫ5 Å and 0.5 cm
Ϫ1
of the basis set limit. Augmentation with diffuse functions significantly improves the basis set convergence for infrared intensities, and the aug-pc-3 results are probably within 1 km/mol of the basis set limit.
